It was recently found that certain cells in the alveolar septum of the bovine lung ace enriched in prostaglandin F (PGF) synthase. In this study we used immunohistochemical techniques at both light and electron microscopic levels to further characterize the PGF synthase-positive cells. By double immunofluoresance staining of bovine lung ayostat sections, the alveolar septal cells labeled by anti-PGF synthase antibody were also intensely labeled for cytoplasmic actin but not for a-smooth muscle actin. This labeling pattem suggests that the PGF synthase-positive cells in the septum are "contractile interstitial cells," which resemble conventional fibroblasts but characteristically contain prominent bundles of actin fiiaments. Immunogold electron microscopy of ultrathin frozen sections of bovine lung showed that alveolar in-
Introduction
Myofibroblasts called "contractile interstitial cells (CICs)" are present in the alveolar septum of normal lung, (1.2). These cells resemble conventional fibroblasts in many respects but share some ultrastructural characteristics with smooth muscle cells. Notably, they contain prominent bundles of actin filaments beneath the plasma membrane, suggesting a possible contractile function. Kapanci et al. (1.2) suggested that these cells play an important role in the regulation of alveolar ventilation/perfusion ratio. Immunohistochemically, these cells are positively labeled for nonmuscle (cytoplasmic) actin and vimentin, but not for a-smooth muscle actin, an isoform of actin expressed in smooth muscle (3) (4) (5) (6) .
Myofibroblasts containing abundant a-smooth muscle actin are known to appear in the human lung in a variety of inflammatory diseases (5, 7, 8) , and in rat lung in bleomycin-induced experimen- terstitial cells extending long cytoplasmic processes and closely associated with alveolar capillaries were intensely labeled for PGF synthase. Capillary endothelial cells, alveolar epithelial cells, and some fibroblastic cells were devoid of labeling. On the basis of these findings, we conclude that PGF synthase is specifically expressed in contractile interstitial cells within the alveolar septum. The protein may be a useful marker for contractile interstitial ells, whose physiological function and role in various pathological conditions have not been characterized in detail. (J Hisrochem Cytochem 44:
251-257, 19%)
KEY WORDS: Bovine lung; Contractile interstitial cells; Myofibroblasts; Prostaglandin F synthase; Actin; Immunohistochemistry. tal pulmonary fibrosis (9-11). It has been believed that CICs might transform into these myofibroblasts containing a-smooth muscle actin (5, 9, 10) . Owing to the lack of a specific molecular marker for CICs, however, it has been difficult to examine the validity of this assumption.
Recently, Urade et al. (12) reported that lung and spleen tissues are enriched in prostaglandin F (PGF) synthase, and showed by immunoperoxidase staining of bovine lung that certain cells in the alveolar septum, as well as nonciliated bronchiolar epithelial cells, are positively labeled for this enzyme. The distribution of PGF synthase-positive cells in the alveolar septum is similar to that of the CICs (1,2). There are, however, a variety of other cells in the alveolar wall, including endothelial cells, pericytes, and conventional fibroblasts (2.13). Therefore, in the present study we attempted to determine the identity of the PGF synthase-positive cells in the alveolar septum by immunofluorescence and immunoelectron microscopy.
Materials and Methods
Light Microscopic Immmohistwhemk~. Fresh bovine lungs obtained from the local slaughterhouse were cut into small cubes and fixed in 4% paraformaldehyde or a mixture of 4% paraformaldehyde and 0.1% 12) . rinsed with PBS supplemented with 0.1% BSA. and incubated with 2 0 pglml rhodamine-labeled goat anti-rabbit IgG antibody Uackson Im-munoResearch; West Grove, PA). Control staining was performed using nonimmune rabbit IgG (30 pg/ml) as the primary antibody. To examine the distribution of cytoplasmic actin or a-smooth muscle actin, the lung sections were stained with mouse monoclonal anti-actin antibody (Chemicron International; Temecula, CA; ascites diluted 1:20) or anti-a-smooth muscle actin antibody (Dako. Glostrup. Denmark; 2 wglml), followed by FIElabeled goat anti-mouse IgG antibody Uackson ImmunoResearch) 2 0 wglml. The specimens were examined and photographed with a Zeiss Axiophot microscope equipped with epifluorescence illumination (Carl Zeiss; Oberkochen. Germany).
Electron Microsmpic
Immunohistochemistry. Bovine lung tissue. fixed in a mixture of 4% paraformaldehyde and 0.1% glutaraldehyde as described above. was infused with 2.3 M sucrose buffered with 0.1 M phosphate buffer. pH 7.4, and then frozen in liquid nitrogen. Ultrathin frozen sections were obtained with a Reichert Ultracut E ultramicrotome equipped with a cryoapparatus FC-4. The sections were rinsed with PBS containing 10 mM glycine and treated with PBS containing 3% goat serum and 5 % BSA for 10 min. The sections were then treated wirh rabbit anti-PGFsynthase antibody (100 wglml) for 30 min at 37'C. followed by goat anti-rabbit IgG antibody conjugated with IO-nm colloidal gold (Amersham; Buckinghamshire, UK) for 30 min at 37'C. After embedding in a mixture of 0.4% uranyl acetate and 3.6% polyvinyl alcohol, the sections were examined wirh a JEOL 2OOOEX electron microscope.
Results

Light Microscopy
Immunoreactivity for PGF synthase was preserved in tissue specimens fixed with either 4% paraformaldehyde or a mixture of 4% paraformaldehyde and 0.1% glutaraldehyde. Cryostat sections of bovine lung treated with the anti-PGF synthase antibody showed specific immunofluorescence in cells of the alveolar septum (Figures la-Id). The positive cells appeared to have various shapes and to have slender projections. Weak immunofluorescence was also observed in the bronchiolar epithelial cells (Figures la and Ib). There was no significant immunolabeling in the musculature of pulmo- To further characterize the PGF synthase-positive cells in the alveolar wall, two anti-actin antibodies with different specificities were used. First, an anti-actin antibody binding to both muscle and nonmuscle actin was employed. Double labeling with anti-PGF synthase and anti-actin antibodies showed that the PGF synthase-positive cells in the alveolar septum were always intensely labeled for actin (Figures 2a and 2b ). In addition, the anti-actin antibody labeled the vascular and airway smooth muscle layers, which were not positively labeled for PGF synthase (Figures 2c and  2d ). Next, lung tissues were labeled with an anti-a-smooth muscle actin antibody, which binds only to a-smooth muscle actin but not to nonmuscle actin. The PGFsynthase-positive cells in the alveolar septum were not labeled for a-smooth muscle actin (Figures 3a  and 3b ). In the alveolar regions, a small number of thin cells around pre-or postcapillary blood vessels, which probably correspond to pericytes. were positive for a-smooth muscle actin (Figures 3a and  3b ). In addition, the anti-a-smooth muscle actin antibody stained the tips of the alveolar septa along the alveolar ducts (septal tip cells) as well as the vascular and airway smooth muscle coats ( Figures  3c and 3d ). However, none of the a-smooth muscle actin-positive cells was labeled for PGF synthase.
Electron Microscopy
To examine the ultrastructural characteristics of the PGF synthasepositive cells in the alveolar septum, immunogold electron microscopy using ultrathin cryosections was performed. As shown in Figure 4 , colloidal gold particles were diffusely distributed in the cytoplasm and the nuclear matrix of large elongated cells interposed between the epithelia of two adjacent alveoli. The cells extended long cytoplasmic processes, which were located in the space between the alveolar epithelium and the capillary endothelium. The cell body and the cytoplasmic processes appeared to be in close contact with the adjacent capillaries. The nucleus was often indented. In addition, these cells were intimately associated with collagen fibers in the alveolar interstitium. The cells labeled by the anti-PGF synthase antibody appeared to represent the predominant cell population in the alveolar interstitium. However, there were also a small number of fibroblast-like cells that were not positive for PGF synthase. As shown in Figure  4b , these cells were occasionally found adjacent to the PGF synthasepositive cells, but they completely lacked immunogold labeling. Alveolar epithelial cells and capillary endothelial cells were also not labeled with the colloidal gold particles (Figure 4c ).
Discussion
In this study we employed immunofluorescence and immunoelectron microscopy to identify the cells in bovine alveolar septum that express abundant PGF synthase. First, double immunofluorescence staining with anti-PGF synthase and anti-actin antibodies showed that the PGF synthase-positive cells in the alveolar septum contained abundant actin but little, if any, a-smooth muscle actin. Although actin is a ubiquitous protein, actin filaments that are not organized into thick bundles, in cells such as alveolar epithelial cells and capillary endothelial cells (2, 14) , are reportedly not detected by light microscopic immunohistochemical methods using anti-actin antibody (1) (2) (3) 6) or by the DNAse I-anti-DNAse I technique (15.16) . Therefore, it is reasonable to assume that the PGF synthase-positive cells are rich in thick bundles of actin filaments. Such bundles of actin filaments are observed in vascular and airway smooth muscle cells, septal tip cells, pericytes, and CICs (alveolar myofibroblasts) in peripheral lung tissue (2, 6, 13, 14, 17) . Among these cells, only CICs are known to lack a-smooth muscle actin (3-6). These findings suggested that the PGF synthase-positive cells in the alveolar septum correspond to CICs.
Moreover, immunoelectron microscopy showed that the alveolar septal cells labeled by anti-PGF synthase were characterized by the same ultrastructural features reported previously for CICs (1, 2) . The body of the PGF synthase-positive cells extended between the epithelia of two adjacent alveoli and their long cytoplasmic processes were located adjacent to the alveolar epithelia and the capillaries. These cells were in close contact with the capillary endothelium but, in contrast to pericytes (13), they were apparently not enclosed by the basement membrane of endothelium. The nucleus was often indented. Moreover, these cells were closely associated with collagen fibers in the septal interstitium. On the basis of these findings, we concluded that the alveolar interstitial cells labeled by anti-PGF synthase are CICs.
The bundles of actin filaments that Kapanci et al. (1, 2) noted in the cytoplasm of CICs could not be visualized clearly in the ultrathin cryosections. We attempted to visualize the actin filament bundles by a postembedding technique using LR White resin sections, but the antigenicity of PGF synthase was not retained when this procedure was applied. Recently, however, we successfully isolated PGF synthase-positive fibroblastic cells from collagenase digests of bovine peripheral lung tissue, and found by electron microscopy that the cells cultured in collagen matrices for several days extended multiple cytoplasmic processes and contained prominent bundles of microfilaments (Fukui et al., submitted for publication). This observation supports the hypothesis that the alveolar interstitial cells labeled for PGF synthase contain bundles of actin filaments.
Immunoelectron microscopy showed that PGF synthase was dis-tributed in the nucleus as well as in the cytoplasm of CICs. Although the significance of nuclear distribution is not known, it was reported that other enzymes in the cyclo-oxygenase and lipooxygenase pathways of arachidonic acid metabolism (e.g., cyclooxygenase and 5-and 12-lipo-oxygenases) were also distributed in the nucleus (18) . As shown by immunofluorescence microscopy, PGF synthasepositive cells appeared to be remarkably abundant in the alveolar wall. Because these cells were always intensely labeled with antiactin antibody, they should not include any fibroblasts lacking bundles of actin filaments. Although it is possible that anti-PGF synthase antibody also recognized "fibroblast variants" which, although not CICs, possess prominent actin filament bundles, the existence of these variants has not been established under normal conditions. On the other hand, our observation that some fibroblastic cells in the alveolar septum did not react with anti-PGF synthase antibody showed unambiguously that there are fibroblastic cells in the alveolar wall that are different from CICs. The number of PGF synthase-negative fibroblastic cells in the bovine alveolar wall was apparently much smaller than the number of PGF synthase-positive cells. This finding appears to be compatible with a high CICi fibroblast ratio reported by Kapanci et al. (2) . However, Adler et al. (19) reported a more moderate CIC/fibroblast ratio in the rat lung. They distinguished CICs from normal fibroblasts on the basis of the presence of bundles of microfilaments. This ultrastructural feature, however, may not appear in every ultrathin section. Therefore, it is likely that these authors underestimated the number of CICs and overestimated the number of normal fibroblasts. It remains to be explored whether there might be any difference in the CIC/fibroblast ratio between rat and bovine lungs.
CICs have been suggested to contract under hypoxic conditions or after treatment with epinephrine (1) . Because CICs are located adjacent to capillaries in the alveolar septum, the contraction of CICs would reduce the patency of the capillary lumen, resulting in an increase in vascular resistance at the alveolar level (1) . On a larger scale, the contraction of CICs would also increase the elastic recoil of alveolar wall (17) . PGF synthase is an enzyme that catalyzes the reduction of PGH2 to PGFza and the reduction of PGDz to 9a,llf&PGF2 (20) . If the cyclo-oxygenase pathway of arachidonic acid metabolism in CICs is activated by various stimuli from adjacent alveoli or capillaries, the local concentrations of PGF2a and 9aJlfi-PGF2, which are products of PGF synthase, may subsequently increase in the alveolar septum. This might result in the contraction of CICs and/or other contractile cells, as these products are known to induce vasoconstriction and granulation tissue contraction (17, 21, 22) . Therefore, PGF synthase in CICs might be involved in local regulation of pulmonary vascular resistance and lung elastic recoil. On the other hand, because this enzyme has broad specificity for its substrate and is capable of reducing a wide variety of aldehydes and ketones (20) , it might be engaged in the metabolism of substances other than prostanoids in CICs.
Myofibroblasts have been shown to be heterogeneous, based on the composition of cytoskeletal and contractile proteins, and have been classified into at least four phenotypes characterized by the expression of vimentin and cytoplasmic actin (V type), vimentin and a-smooth muscle actin (VA type), vimentin, desmin, and cytoplasmic actin (VD type), and vimentin, desmin and a-smooth muscle actin (VAD type) (23) . CICs are believed to be V type or VD type myofibroblasts (6) . On the other hand, several studies have suggested that VA type myofibroblasts may play a principal role in a variety of inflammatory lung diseases that cause reorganization of the tissue architecture, such as pulmonary fibrosis, organizing pneumonia bronchiolitis obliterans, hypersensitivity pneumonitis, and diffuse alveolar damage (5, 7, 8, 17) . These cells have been reported to appear in the airspaces and interstitium of the lungs and to contain abundant a-smooth muscle actin, but their origin remains unknown. Although pericytes, septal tip cells, and conventional fibroblasts have been considered to be potential candidates (5,19) , several studies have suggested that CICs may express a-smooth muscle actin under pathological conditions, including pulmonary hypertension and experimental lung fibrosis (3, 5, 10, 17) . Vyalov et al. (10) reported that myofibroblasts containing both a-smooth muscle actin and desmin appeared in the rat alveolar wall in the early stages of bleomycin-induced pulmonary fibrosis. Because desmin is expressed only in CICs in the normal rat alveolus (6), they proposed that these myofibroblasts may be derived from CICs. However, the composition of intermediate filaments might change under various conditions (23) (24) (25) . Moreover, human CICs are not positively labeled by anti-desmin (6) . Therefore, to further the study of the relationship between CICs and a-smooth muscle actin-positive myofibroblasts, a new specific marker for CICs is required. As shown in the present study, PGF synthase is positive only in CICs in the normal bovine lung alveolus. Although anti-PGF synthase also reacted weakly with the bronchiolar epithelial cells, these cells could be readily discriminated from CICs on the basis of their morphology and location. Therefore, PGF synthase should be a useful marker for CICs in the study of their role in pathological conditions. The possibility that this enzyme might be useful as a marker of myofibroblasts in other tissues, including granulation tissue, remains to be explored.
